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PREFACE

This report presents the results of an investigation of
propeller slipstream effects on V/STOL aircraft performance
and stability. The work was performed for the U. S. Army
Transportation Research Command, under Contract Number DA 44-177-
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Lt. F. E. La Casse and Dr. L. Goland were, respectively,
the Army and Contractor's project engineers. Dr. Goland,
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gators.
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wing lift curve slope withcut slipstream, per radian
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wing lift coefficient, R

qQs
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2
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change in drag coefficient, cdue to slipstream
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slipstream angular deflection, rad; also velocity
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¢ velocity disturbance potential on the surface of
the airfoil, ft?/sec

NS propeller rotational speed, rad/sec
SUBSCRIPTS

g Gravity

i Inertia

R Propeller

S Slipstream

t Tail

W Wing

NOTE: All angles are in radians unless otherwise specified.

XV



BLANK PAGE



SUMMARY

Presented herein is an analytical investigation of the
aerodynamic forces acting on wing-propeller combinations in-
cluding the effects of propeller slipstreams. The results of
the developed theory are then applied to typical two- and four-
propeller VIOL and STOL wing configurations. Correlation with
existing test data is shown to be satisfactory.

Consideration is also given to such associated items as
the effects of the slipstream on (1) wing stall (2) aircraft
take-off and landing performance and (3) aircraft stability
and control.



I. INTRODUCTION

Recent interest in vertical and short take-off and landing
aircraft (V/STOL) has put new emphasis on the problem of
propeller slipstream-wing aerodynamic interaction. The low-
speed performance and handling qualities of this type of
aircraft are highly dependent on the nature of this interaction,
since such aircraft have necessarily high-energy propeller
slipstreams whose diameters are of the same order of magnitude
as the wing semi-span and chord. These aircraft are subjected
to the varying effects of this interaction especially during
take-off, landing, and transition, when the free-stream
velocity is small compared to that of the slipstream velocity.
It is apparent that refinements of design and increased
performance can be made only if this aerodynamic interaction
can be adequately understood and utilized to the fullest ex-
tent.

Presented herein is a theory for the lift and drag of a
wing immersed in a slipstream. The analysis is applicable to
all ratios of free-stream to slipstream velocity and accounts
for an angle of attack of the wing relative to the propeller
thrust axis, as well as for an angle of attack of the thrust
axis relative to the free-stream. The theory is correlated
with experimental data of configurations such as two- and
four-propeller tilt-wing-type aircraft. Attention is also
focused on the effects of the slipstream interaction on the
stalling and slow-speed characteristics of the aircraft. An
analysis is then presented of the effect of the slipstream
on the take-off and landing performance. Finally, an explor-
atory study is made of the propeller slipstream effect on the
stability and control characteristics, and the feasibility of
improving the slow-speed handling qualities by proper use of
the slipstream.



ITI. THEORETICAL ANALYSIS OF THE SLIPSTREAM
CONTRIBUTION TO WING LIFT

A, INTRODUCTION

The problem of a wing spanning a uniform jet for the case
where the outside air (free-stream) velocity is zero (e.g., in
a wind tunnel) has been extensively investigated both theoreti-
cally and experimentally.

The case in which the external air is in motion has not
received as much attention, but the basic treatment was given
by Koning (Reference 1). Koning was the first to determine
the jet effect by including the important jet boundary
conditions which must be satisfied. On account of the mathe-
matical difficulties involved, however, he made the following
simplifying assumptions:

1. The angle between the relative wind (free-stream)
direction and the jet axis is equal to zero.

2. The jet is free from rotational components, and has
constant velocity distribution over the circular
cross section and along the jet axis.

3. The additional velocity in the jet is small compared
with the free-stream velocity in order that the
problem might be "linearized".

4. The change of the undisturbed flow, caused by the
action of the wing, is identical with that related
to a system of vortices; the system consists of a
rectilinear line vortex, taking the place of the
wing (the so-called "lifting vortex"), and a layer
of "trailing vortices" extending from the lifting
vortex to infinity.

Koning then decomposes the resulting flow field of the
jet, wing and external flow into six different parts as follows:

1. wundisturbed flow - the flow in the absence of wing
and propeller, being a parallel flow with constant
velocity.




2. propeller flow - the difference between (1) and the
flow which would exist 1if the propeller were acting in
the absence of the wing.

3. airfoil flow - the change in flow caused by the action
of the wing when introduced into (1), the propeller
being absent.

4. additional airfoil flow - the disturbance flow, related
directly to the change in circulation around the wing,
caused by the action ot the propeller.

5. additiongl flow - the difference between the resulting
flow (6) and the flow which would be obtained by
simple superposition of (1), (2), (3), and (4).

6. resulting flow - tiue flow existing with both propeller
and wing present,

The potentials of (1) through (4) can be superimposed in
the usual way,but they do not represent the entire pattern of
flow. The potential of (5), which is unknown, must be deter-
mined from the conditions at the jet slipstream boundary.

The conditions to be satisfied at the boundary of the slip-
stream are:

1. The pressure shall have the same value on each side of
the jet boundary.

2. The jet boundary must be a streamline of the flow. In
terms of the disturbance velocity potential, ¢ , Reference 1
shows that the first boundary condition may be written as (see
Figure 1),

d L2
Vj Sﬁi Vo a—)‘(l at r - rg (2.1)

where the subscripts j and o refer to the regions inside and
outside of the jet, respectively. Integrating in the stream-
wise direction from negative infinity to some station x, and
recalling that @ (-00) is an arbitrary constant, the first
boundary condition is then obtained in the form,
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FIGURE 1: WING SPANNING A CIRCULAR JET
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Vj(pj vocpo at r L, (2% 2)

The second boundary condition expresses the fact that the inside
and outside flow must be tangent at the boundary; that is, the
boundary consists of streamlines. For a circular jet, the
tangenc:' condition is expressed as

Vaa—¢%~vai1atr r. . (2.3)

] O dr ©

As shown in Reference 1, the problem is more feasibly
handled by studying the conditions in a plane far downstream
from the wing (the Trefftz plane). At x - +00 , the potentials
of the airfoil flow, the additional airfoil flow, and the
additional flow will be functions of y and 2z only, which
moreover satisfy the Laplace equation,

2% >%4
9 y2 oz 2

0 (2.4)

and, hence, are two-dimensional potential functions. Thus, two-
dimensional potential theory is used to satisfy boundary
conditions 1 and 2 and the so-called "method of images" is
utilized as well as the concept of horseshoe vortices.

The use of a line vortex system to represent the wing such
as described above implies validity only for wings of high
aspect ratio.

Thus the analysis of Reference 1 is applicable when :

(1) the jet velocity i1s only slightly greater than
the free-stream, and

(2) the aspect ratio of the wing is large.

Most of the work accomplished since Reference 1 has started
from Koning's basic system and includes various modifications
involving the use of complex lifting surface approximations
(Reference 2), semi-empirical methods (Reference 3), consideration
of higher order terms to consider smaller values of the ratio



of free-stream to jet velocity ( U ) as well as the treatment
of infinite span wings (References 4 and 5), effects due to
slipstream rotation (Reference 6), misalignment of slipstream
and free-stream, and other effects.

The design of present-day aircraft (e.g., STOL and VTOL
propeller types) calls for the diameter of the slipstream to
be of the same order of magnitude as the wing chord and wing
semi-span. The validity of a "l1ifting line"” or infinite span
wing theory discussed above is therefore to be questioned for
application to the present problem of low-aspect-ratio wings.
In Reference 7, R. T. Jones presents a low-aspect-ratio theory
that is applicable to the present problem. As shown below
its use enables the above restrictions to be removed so that
a finite wing spanning the jet may be treated for all ratios of
free-stream to jet velocity.

B. THEORY OF WINGS OF SMALL ASPECT RATIO

For wings of small aspect ratio, R. T. Jones proposed a
theory which provides acceptable results for wings whose
aspect ratio is less than approximately 1.5, which is the area
of interest in the present problem. The theory is most
suitable for the prediction of spanwise and chordwise lift, and
induced drag, of wings with swept-back leading edges ending in
straight trailing edges which are normal to the direction of
flow. For wings of elliptic or rectangular planform, the
spanwise lift and induced drag are also adequately predicted
by the theory; however, for these configurations the analysis
provides only qualitative information on the chordwise pressure
distribution, viz, that the center of pressure moves toward
the leading edge as the aspect ratio decreases. Since the
prediction of spanwise lift is of prime interest in the present
problem, this theory was expected to be applicable and is
utilized herein.

The basic idea of the small aspect ratio theory, as
described in Reference 7, may be obtained bv considering a delta
wing as shown in Figure 2, which moves with a uniform velocity,
V, at an angle of attack, & , in the negative direction of the
X-axis. As the wing advances dacross the plane B-B, which is
normal to the direction of motion of the wing, it transmits a
downward component of velocity equal to V tan & Vox , to
the fluid. The field of flow in the plane B-B is therefore
considered the same as that produced by a two-dimensional flat
plate which moves downward with velocity, VX . The field of
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FIGURE 2:

FLOW PATTERN AROUND A DELTA WING (Top View)



flow in B-B may therefore be represented by a4 velocity potential
which satisfies the two dimensional Laplace equation

32¢ . 324 ).
>y Y 2 0 . (2.4)

Equation 2.4 together with the above boundary conditions specity
¢ in plane B-B.

The local pressure change is proportional to the locul
time rate of change ot ¢ . That is,

P -,0% . (2.5)

Now, since QQ QQ dx
Dt Ox dt
and V dx (2.6)
dt

Equation (2.5) may be written as,
-pV L¢ . 9
P P 3y C257)

Integration of the pressures in a chordwise direction from torward
of the leading edge downstream to the trailing edge and account-
ing for top and bottom airfoil surfaces, gives the span load
distribution as,

C .

o)
a L ) ) ! )
37- _J[mn ~p\¢s (2.8)

ey

where ¢>S is the velocity potential at the surtuace of the wing

at the widest section,and ¢ and ¢ are defined in Figure ..
The wing lift is, theretore,



b/2

L - fzpv¢>s dy (2.9)

-b/2

and the lift coefficient becomes

b/2
i _/o_qsv /cps dy . (2.10)

-b/2

The above theory will now be applied to the case of a
finite wing spanning a uniform jet. The two-dimensional velocity
potential, ¢ , will therefore be obtained such as to satisfy
the trailing edge as well as the jet boundary conditions.

C. WING SPANNING UNIFORM JET

Considered here is the case of a wing of span, b 2r 4,
immersed in a uniform jet of velocity V. which is aligned with
a free-stream having a velocity V . Frdm the foregoing dis-
cussions the problem reduces to tRe determination of the two-
dimensional velocity potential subject to the following boundary
conditions (Figure 1),

Boundary Condition

wing: dé-

_a_zg. - Vs at 2 0 and y =NES (2.11)
jet: Vj %;% Vo %;S, at r rj (2.12)
Jet: vy ‘bj - Vb, at r - r, (2.13)
free-stream: 490—&0 as r ——w» 00 (2.14)
It is also to be noted that ¢j must be finite at r O . (2.15)

The flow is potential inside and outside the jet boundary;
the potential function, however, need not be continuous at the

10



jet boundary.

In polar coordinates, lLaplace's equation is,

326 . 1 3¢ |, 1 d2¢ .
522 ' v 8: 2 32 ° SR

The general solution to equation (2.16) is,

4>= ;(amrmcosme‘ bmrmsin mé * Cor'Mcos mé * Dpr'Msin me ). (2.17)
m-=0
Applying boundary conditions (2.14) and (2.!5), there
follows that,

00 00
m m
at r<rg ¢j ag ! b, (I—) sin m@ an (L—) cos m8 (2.1%)
To To
m 1 m 1
o0 -m o0 -m
at r>rg ¢O:Z)m r sin m8@ Z C, [E-] cos me (2.19)
o ro
m=1 m 1

in which the distance, r, has been nondimensionalized by the jet
radius, ro. Now for r#£r  boundary condition, Equation (2.11)
specifies that

00
(«ﬁj 1 9¢j Y mb ™l
= ) S -V.o 2.20
\C)Z r 9J6 m1 " rom J ( )
Z 0 6 0
Thus, b1 : -VjO(ro S 0 for m Z2, 3, 4, etes

Satisfying the boundary condition given by Equation (2.12),

o (22 = % —
—an)msin me —Z mCn,cos mé /u{ V&rogine 'Zmamcos mée
m 1 m a

ml

1

(2.21)

11



Consequently,

Dy V,&Xr, i Dy =0 form -2, 3, 4, etc. (2.22)
Cm -/Uam
Satisfying boundary condition Equation (2.13),
ao-\_fnfn sin@ am cos mé
M m-1 00 ((2.28)
/u [VOO( ro sin@ —/.(Z ay COS mﬂ
el
which may be reduced to,
(2.24)

00
-1—%%2 IUXam cos m@ - Vor, sin6

m=1

Now,

o0
sin® = 2 - &4 Z cop mo_ mé (2.25)
T L e B
m= .

Substituting Equation (2.25) into Equation (2.24) and
evaluating coefficients, there results that

ag = .L‘#ﬁ —12? Voo g
s (2.26)
a, = - é%;ﬁ:o (;2].-_1) for m=2, 4, 6 etc.
IU
The velocity potential inside the jet may therefore be written as
m
(=)
7
¢j Vi, li,éé (—2-)- L sin@ - 4 ° =25 Te «(2.27)
A AT g TR T
m-2, 4, o
On the wing surface 6 - 0, and letting y L the poten-
Yo

tial on the wing surface is,

12



oQ
m
1 . 2 .2- - _4—- —r—‘_ ’
4>s VOO( rs /“7 ('TT) 'tT/J 5 _m?-l (2.28)
m2, 4, 6

By means or expression 601.2 of Reference 3, it may be shown

that
oQ
;f? 1 1 (= 1 (1‘)
=11 - = - =) 1In | 2+ : (2.29
E m2-1 2 2(y y) 1-y )
m-2, 4, 6
thus,
2V . o 2 _ =
¢ =e=olu ‘L(y-£>ln( l—!) (2.30)
TT/A 2 y 1-y

and the wing lift coefficient based on free-stream velocity and
the wing area which is completely immersed in the slipstream

becomes
4 ¢]-
C dy (2.31)
L S .
/AVgC .//-

o
1 !
S . 1 (5.1 L9 | g5 ,
v /[1 2 i (y y)lnkl_?)de. (2.32)
o
The following definite integrals are evaluated in Reference 3:
rl |
j y In (19 d7

o)

1

/ § 1n (1-y) dy %

o



1
/ ln (1-¥) Sl-y) v = - m2 (2.33)
b/ 6
o
Consequently,
_ 8raf; . _l e
CL Syt m (_z.— 1):| : (2.34)

In the absence of a slipstream jet, 4= 1 and

(CL> = BﬂLgo [:1 t % (”TZ = 1ﬂ . (2.35)

Thus, the change in CL due to the jet becomes,

Ac, - &ﬁoi( E‘:Q)[l;y‘-‘—z % ("72 ):] (2.36)

-1.87 & (%g)(_l/_ﬁgz )

The change in spanwise lift distribution may similarly be obtained
by use of Equations (2.8) and (2.30) and may be written as,

Ac, = 1 9(481L)
- 1.27 5;).(1- 2 .(L-‘).l 1y
& —/j) 5y 7 n(l-?)

14



III. DEVELOPMENT OF LIFT AND LONGITUDINAL FORCE
COEFFICIENTS FOR WING-PROPELLER COMBINATIONS

In this section expressions are developed for estimating
the total lift and longitudinal force coefficients for various
wing-propeller combinations throughout an angle of attack and
"u" range. The basic approach used is to account for the
slipstream effects by adding to the basic wing lift coefficient
(CL,w) the effect of the slipstream (ZSCL”S) from Section II.

The ma jor assumptions utilized in the development of the
equations are:

1. Potential flow conditions exist, i.e., there is no
separated flow over the wing or flap.

2. The slipstream is fully contracted at the wing leading
edge.

3. The slipstream velocity is uniform and the effect of
slipstream rotation is small.

4. The slipstream contraction is unaffected by the
presence of the wing and nacelle.

5. For multi-propeller configurations no interaction
exists between slipstreams.

A. GENERAL SLIPSTREAM WING AERODYNAMIC INFORMATION

Before proceeding with the development of the actual
equations, some background information will be presented in-
cluding standard expressions for estimating the aerodynamic
characteristics of wings and slipstreams.

1. Wing Lift Coefficient

The basic wing lift, i.e., the lift generated by the
wing when the propeller thrust is zero, is considered
first., For straight wings, with ordinary planforms, the
classical expression for the wing lift coefficient is
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C ag Roc . 39 RX (3.1)

Equation (3.1) accounts for the effect of a finite span on
aerodynamic loading in incompressible flow, which is of
concern herein. It is accurate for those cases when the
aspect ratio exceeds four (4) but gives too high numerical
values below that. For the case of small aspect ratios,
Jones (Reference 7 ) presents the equation

o T o AR (a2
L 2 )

which has experimentally been shown to be quite accurate.
Diederich (Reference 9 ) shows that the formula

AR
c, 30 X (3.3)
(R) [1 ’(ao )2 i ao
MR m

covers the whole range rather well, approaching Equation
(3.1) in the limit of large AR and Equation (3.2) as
AR goes to zero.

2. Propeller Slipstream Characteristics
a. Induced Velocity, U

Referring to the notaticn in Figure 3, the induced
velocity in a fully developed slipstream may be deter-
mined by use of Bernouilli's Equation and the conti-
nuity equation as

U -Vocosch t (Vocos OZT)2  ARSIE S (3.4)

4 (%)

4
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Normal Force

4 Lift

Propeller
Thrust

Longitudinal Force, Fy

FIGURE 3: PROPELLER SLIPSTREAM NOTATION
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b. Diameter of Slipstream, d

The diameter of a fully developed propeller slip-
stream can be determined from the continuity equation,
and there results

d=D |1 (ﬂg_gosdg + u) . (3.5)
2 VocosO(T t U

c. R nt V i in S Vj

As shown in Figure 3, the resultant slipstream
velocity is the vector sum of the free-stream and the
induced velocities. Thus,

2 2

vi% = (Vstnop)?4(Vocoseep)?+ U+ 2V, Ucosarp . (3.6)

Substituting Equation (3.4) into Equation (3.6) and
solving for Vj, there results

(3.7)

d. S P u

S

4 (3.8)
S 2
2 P vj L]
3. Wing Characteristics in Slipstream

The effective angle of attack,p g, of that portion of the
wing located in the propeller slipstream is

18



g = iyt -0t (3.9)

where it has been assumed that a flap deflection adds an

increment Sfto the angle of attack of the wing within the
slipstream, and where

?‘—“ tan-1 (Vosind;[ > .

VocosX U

B. TOTAL LIFT COEFFICIENT, Cj g

Summing all of the lift forces acting on the propeller-

wing combination, CL,S based on slipstream dynamic pressure, qg»
and total wing area, S, may be written as

C S
B
or
CLs “CLr *CLNF * €yt ACL 5 - (3.10)

Where the coefficients representing the inaividual factors con-
tributing to lift are:

1. Propeller thrust contribution, Cj T_

CL _— N (Tsind1>

3.11
a5 ( )
2. Propeller Normal Force Centribution, Cp np

N 2y o
CL,NF ﬁ(lf)(cd cbb)ﬂR Vosind pcos T (8:1%2)
s

This equation is derived from Reference 11.
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3. Basic Wing Contribution, C;

The basic wing lift coefficient is given by Equation
(3.3). There follows

ap AR «
Cpw ;L . (3.13)
S AR\/1 '<ag >2+ ao

TTAR Ll

where the effective wing angle of attack

X o, -Apg Sf[ 1- lgh*———-ZS},“eh] (3.14)

and where Bh 1s derived from Reference 10 as

B 1 - 2 cos tan”! sinb g E_C_f_:' . (3.15)

9-1~c055f C
Cf

4. Additional Contribution of Wing Area Exposed to
SlipstreamAC g

Equation (2.36) gives the jet contribution to the wing
1ift coefficient based on q, and S. Based on the slipstream
dynamic pressure and on S, this contribution becomes

Acp g - 38 cos (Xp-¢) 1.870(5(%) (1- u2) . (3.16)

Substituting the various lift coefficient contributions
into Equation (3.10), there results

CL g - N Tsin®p + _N_ 2 Cdcbb.ﬂ.RZVsino(TcosO(T *
’ qqS qSS 4
3 (5.17)
B ag AR « S ) o
Q +28 cos(X - $)1.87a 0O (l—lu.z)
S c

T
Al ™ 1+ (80 )2e 2
| AR A
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where for the general case of the propeller axis inclined
to the free-stream velocity,

po Socos(are 4) 57
]

Based on the free-stream dynamic pressure, q, and the wing
area, S, the lift equation becomes

L N Tsinp : N 2y
CL © —qSS—-I E’f CqCpb SLRVsin X pcosX T+
ag R N §S§ ds cos(@p- $)1.87a g Fa(l- u2).
2 q C
AR 1+ (ag Y+ ag
(TTAR) m

C. TOTAL LONGITUDINAL FORCE COEFFICIENT, Cx g

The longitudinal force coefficient, Cx g is obtained by
dividing the longitudinal component of the resultant forces, F
by qg and S.

X :

F
Cx,s = =5
°s (3.19)
= Cx,T - CX,NF - Cx,n - Cx,w - OCx g
The various contributions to Cy g are as follows:
1. Propeller Thrust Contribution, CX,T_
ExlpiaR Icosdy (3.20)
qgS
2. Propeller Normal Force Contribution, CX,NF_
N 2 2
C = — Cqcpb LRV _sin“
X,NF qsslf dcb o T (3.21)
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3. Nacelle Profile Drag Contribution, Cx \_

Cx N -~ —g -cos (X -¢)
s (3.22)

where Dy - Cpnqgldy

DyN
S

4. Contribution of Wing Outside of Slipstream, Cx y

Cy (S-Sg) Cpo ! (ac)? | q (3.23)
’ S TR qq
where a = ap RX

AR a \2
1+(_9)2 , a0
TR T

5. Contribution of Wing Inside of Slipstream, ACx g_

C

2
ACy g = N §S§ G +{ |:1.870(s Ip (1 -lu.z)] TTN—R}cos(aT-¢>)+
[1.370(8 2—0 (1-/.4.2):| isa sin (X p- ) (3.24)

The longitudinal force coefficient based on gq_ is thus

Tcos _ N 2 2

N_Dy _ ) - | (s-s (aX)2| q -
= cos(X ) [Lss)- Cpo * ‘ITA{]E?;

S

22



2
¥ 55y - [l.ms(%)u-,@)] C A cos(o ) -
“o)(1- 2) S s -d) . (3.25)
1.870(-2)(1- ) SEEICL, ¢)

D. SAMPLE CALCULATION

The following 1s a sample calculation for wing-propeller
configuration B shown in Figure 4, Section V. Test data for
this configuration from Reference 12 are shown on Figures 14
and 15 of this report. The following data are assumed to be
known:

Performance Data

CT,S .88

Vo 28.25 fps
q = .95 pst
Ky 20°

b¢ = 0°

Wing Characteristics

2 o
S 5.0 ft* CXLO 0
iy 0° do 0.097/deg. 5.55/rad.
AR 5.0 C - 1.0 fc.

Airfoil section NACA 0015

Ngcelle Characteristics

1 0.93 ft.

dy = V.33 ft.
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Propeller Characteristics

N

D
S

1.

Il

2 b - 3
2.0 ft. cp, - 0.14 ft.
555 rad/sec Cq ~0.02 for B 7sr 8°

Calculation of Slipstream Parameters

a. Propeller thrust is

T p2

= CT’qu 4

It

(.88) (8.0) %} (2)2
= 22.12 1b. .

b. Using Equation (3.7), the slipstream resultant
velocity, Vj ,1s found as

vy = (VP T

A )

(28.25)% + 22.12
A(54)

82 ft/sec .

c. Next using Equation (3.8) the slipstream dynamic
pressure, qg, is calculated as

= 1 2
s " 3 PV
1 2
2 p (82)
8.0 psf

i
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d. The slipstream induced veloci<y, U,is

U - -Viocos&p ¢ (V cos o(T)?' t T

-28.25 (cos 20°) + [(28.25 cos 20°)%¢ _ 22,1
i .1L49
2 ( 4

= 54,7 ft/sec

e. The radius of fully developed slipstream, r,,is

. =D /1 (w)

o 22 \Vgcosdp + U
2L (2(2&.25)(.936)+ 59,?)
2 \J2 \28.25 (.936) + 54.7

I

]

0.815 ft,

f. The effective angle of attack of the wing out of the
slipstream, X , is

- - 8 _ 28p 2 sin®
0( “w %O+ £ 1 T 1 iz h
since O(LO = 0° and Sf = Q°

X = X = 20° = 0.349 radians

g. The lift curve slope is

a = ag R : _ _(5) (5.33) : - 3.93/rad
2
m[1 +(80 )2 +a 5 [1 +[2.353)° + 2.22
\F (ﬂm> ™ \/ ("5 ) i
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h. The angle of attack in slipstream,ozs, is

g =1y + P-0qg+ b

|

~1/28,25 (,341)
b -0 +
Jiilean (28.25(.936)*54.7) 0+ 0

6.75° = .118 rad.

i. The velocity parameter, /u , 1s

u - Vocos(a'r-d’)

Vs

= 2_8_1_2.2_3_0_5_(2:00 - 6,75°%)
82

= 0.334
250G ion £61C nt, C; g

a. Propeller thrust contribution, CL T

_ N T sinX 2(22,12) (,341)
C = N LsinXp o
L,T q_S 8 (5)
= 0,377

b. Propeller normal force, Ci yp

2
Cp oy = aN_S /(Z) C4cbbSIR“V sin O(pcos Oy
S
= —2— A2 (.02) (.14)3(555)(1.0)2(28.25)(.341)(.936)
(8)5.0 ‘4
= 0.0012

c. Basic wing contribution, CL W

CL,W = 1 acX
qS
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- %5 (3.93) (.349)

= 0.161

or Cp yw = - (CL)

qs =V

where the 1lift coefficient of the basic wing based on
q at zero thrust, (CL)T=p,is obtained from test data.

d. Additional contribution of wing area exposed to
slipstream, ACy g

s
Acy g - 1.87fe (1- u?) =2 cos (Xp- $)

C

vhere S. = N (2rgc) = 2(2(815)1.0) - 3.26 ft?

DC g = 1.87(.118) 41—8.—(1)—5 (1-.334%) 3—’52—Qcos(20°-6.75°)
- 0.1012
e. Summation of Lift Contributions
CLs = CL,r+CL,nr* CLw +4ACL s

0.377 * 0.0012 + O.161 * 0.1012

= 0.6404
This calculated value agrees well with the experimental
data (Figure 8, Section V) which indicates that Cp ¢
0.67. ’

Calculation of longitudinal Force Coefficient, Cx g

a. Propeller thrust contribution, Cx T

N T coso(T 2(22,12)(,936) _
Cx. T o E (o0 1.039

2



Propeller normal force contribution, Cx nf

_ 2 2
Cx NF ° qN_S /% Cacpb IR Vosin® o(

s
= 0(5) £ (.02)(.14) 3 (555)(1.0)2(28.25)(.341)2
= .00044

Nacelle profile drag contribution, Cy y

CX,N = N %S cos (NT -4’)
s

.LZZ o _ . °
2 5C5) cos (20 6.75°)

= ,00836
where the nacelle drag (Dy = Cpngqgldy) is estimated

to be 0.172 pounds using a drag coefficient of 0.07
from Reference 13.

Contribution of the wing outside the slipstream, Cx y

_| (5-Ss) _(a_)z
Cx W ,:s Cpo * qs

= 2 -
[}5—354151 (.15) + Wns 0.0202

where the profile drag coefficient, Cpp, of the wing
out of the slipstream is 0.15 from test data,

Reference 12.

Contribution of wing inside of slipstream, ACyx g

S 1

ACx s = _S§ Cpo *| 1.87 g —Q (1-/‘, ] ﬂmCOS(‘xT -$)+
[1.87 g 59 (1- /4.2):] 3% sin - $)

- 2:28(.02)+ [1 87(.118) +8L2 (1-.3342)] 2 _cos(20°-6.75°)+

E.S?(.IIS) ,_%Lg (1-.334 ):] 3—*52-5 sin (20° - 6.75°)

= 0.0398
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where the profile drag coefficient, Cp,y, in the
slipstream is .02 from test data, Reference 12.

Summation of longitudinal force contributions

Cx,s =~ %,t - %,nF T Sx,n T KXW Cx.s
= 1.039 - .00044 - .00836 - .0202 - .0398
- 0.9702

Test data of Reference 12, shown in Figure 12 of
this report, indicates the Cy o = 0.96
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IV. ADDITIONAL SLIPSTREAM CONSIDERATIONS

A, STALL CHARACTERISTICS

It is generally recognized that a wing will stall first
at or near the spanwise location where the section 1lift
coefficient reaches its local (two-dimensional) maximum 1lift
coefficient. Thus in the sketch below, stalling will start
at a point "A" where the curves of C; and Cypay Vvs. span
location are tangent.

_//f'clmax (Two-Dimensional)
A

— — — — — — — -

1

2y/b

Wing Distribution

The methods presented in the previous sections may be used

to compute the stall conditions as affected by various para-
meters such as wing aspect ratio, twist, flap deflection,

taper ratio, propeller thrust, propeller diameter,and angle of

attack as well as other wing and propeller characteristics.

Considering a wing partially immersed in the propeller
slipstream, there appear to be three critical spanwise stall
locations. For a wing which has a constant geometric angle

of attack, chord, and airfoil section, these critical stations

for stall during transition are as follows:
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1. In most cases, the wing root section which is outside
of the slipstream would stall first. The maximum lift
coefficient achieved by the root section at stall is
equivalent to Section C] pgx, which may be expressed
as

I 4m(a_o) X stall
LI 1+(iq)2+§g
T AR ™

Thus, having the C; p., of the airfoil section, the
angle of attack at which stall would start, (X gt511>
may be determined as a function of wing geometry

and the two-dimensional lift curve slope, a .

(4.1)

2. The next critical station would be in the center of
the slipstream. The lift coefficient at the center
of the slipstream {is

= 8«&Xstall (ECQ) (1 +/,42) .

Clmax p

(4.2)

Having the C} pmax of the airfoil section, the angle of
attack at which stall would start, X .,71, may be
ascertained.

3. Another possible critical stall station could be close
to the slipstream boundary where the effect of slip-
stream rotation is a maximum. The attainment of such
a stall is, of course, highly dependent on the pro-
peller torque and rotational speed.

The theory presented herein furnishes considerable insight
into the requirements that must be met in order to avoid wing
stall in the transition flight regime of tilt-wing aircraft.

For the case of a wing fully immersed in the propeller slipstream,
the maximum effective angle of attack is to a large extent
dependent on the thrust coefficient and slipstream rotation. An
increase in propeller thrust coefficient and a decrease in

torque coefficlient increases the allowable remote free-stream
angle of attack before stall is incurred. It can be stated
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that it is possible to perform the transition without encountering
wing stall only if the proper balance of allowable effective

angle of attack, remote free-stream angle of attack, and

propeller disc loading is provided. During the landing, trans-
ition, and descrnt at low speeds, this 1s difficult to attain.

The reduction of power for deceleration and let-down increases

the effective angle of attack.

Obvious methods that tend to delay stall are the use of

(1) leading edge devices to increase the allowable

(2) 1increased power requirement through increased drag;
aerodynamic drag devices must be utilized in the
slipstream, as outside the slipstream they are
ineffective at the low critical speeds.

(3) increased wing area and high lift flaps; effectively,
flaps turn the thrust vector toward the vertical
through deflection of the slipstream while producing
a very high drag increment which aids the stall
problem as discussed in(2) above and thus decelerates
the aircraft more rapidly during the landing transi-
tion. Thus the optimum use of flaps would reduce
the speed for transition, and result in lower take-off
and landing speeds.

B. SLOW SPEED CHARACTERISTICS

The minimum flying speed is given by the classical ex-

pression
- W
\' = f (4.3)
min C S
#l Lmax
2

where C; pax 1s based on the free-stream dynamic pressure, q,
and the wing area, S.

The 1ift coefficient, C; pax, 1s obtained by maximizing
Equation (3.18). In the maximization process consideration
must be given to the stalling of the wing as discussed in
Section IV, A. The speed Vpin is the minimum flying speed
before the onset of appreciable stall. Depending on the design,
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it is possible to have a portion of the wing outside the slip-
stream Iin a stalled condition without detrimental effects.
This is due to the fact that at very slow speeds for designs
such as discussed in Section V, the majority of the lift is
carried by the propellers and wing sections immersed in the
slipstream. Thus maximum C; may not be achieved until partial
wing stall occurs. Of course,when the wing sections In the
slipstream stall, serious effects on the performance and hand-
ling qualities can occur. For most practical tilt-wing
designs,it would appear that stall on the wing outside the
slipstream can be tolerated, but stall of the wing within the
high-energy slipstream would be the limiting condition.

C. STOL TAKE-OFF AND LANDING

The analysis of STOL take-off and landing performance
is presented in the Appendix. The analysis utilizes the
methods discussed in References 14 and 15 along with the lift
and longitudinal forces developed in Section III1. The in-
fluence of the ground proximity on STOL performance is also
discussed in the Appendix.

The take-off and landing performance was calculated for
a typical STOL aircraft (Grumman OVl Mohawk) using the analysis
presented in the Appendix. The results of the calculations
are discussed in Section V.

D. OPTIMUM DESIGN CONSIDERATIONS

Based on the results presented herein, certain design
considerations may be deduccd. For cruise flight, the ratio
of free-stream to slipstream velocity approaches one and
therefore conventional aerodynamic analysis applies, which
suggests the use of large-aspect-ratio wings for minimum power.
However, in the transition speed range,the theory presented in
this report indicates that for optimum design the following
factors must be considered:

(1) The propeller slipstream is extremely effective in
delaying the onset of wing stall.

Consequently, high-disc-loading propellers are
desirable from this point of view. Naturally, the
hovering flight power requirement must be considered
in establishing the propeller disc loading,and there-
fore the designer may be limited in his choice of
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(2)

(3)

(4)

disc loading.

A wing whose span is completely immersed in the slip-
stream is very desirable.

Increases in wing cho~d would serve to reduce the
severity of the stall, and therefore large c/D ratios
should be used.

It should be possible to modify or eliminate the
spanwise peaks in C. for any given flight condition
to reduce stall by barying the planform or spanwise
distribution of wing twist. To this extent, proper
use of differential flap deflection and slats can
prove to be extremely beneficial.

34



V. CORRELATION OF THEORY WITH TEST DATA

In this section calculated values of lift and longitu-
dinal force coefficient, stall angle of attack, and take-off
and landing performance are correlated with test data. The
range of wing and propeller parameters over which satisfactory
correlation has been obtained is also presented.

A. Cp g AND Cy 5 CORRELATION

The test data of References 12, 16, and 17 are used to
evaluate the degree of accuracy and range of C and Cy
correlation possible using equations (3.17) anh %3 25)s
of these data are from model tests conducted by the National
ioronautics and Space Administration. Model data were
selected due to the lack of adequate full scale data and
because of the wide range of wing-propeller combinations
tested. Correlation is shown in Figures 8 through 31 of this
report.

Six configurations which are used for correlation are
illustrated in Figures 4 through 7. In the following
discussion they are referred to as configuration A, B, C,
etc. For all tests a constant slipstream dynamic pressure
of 8.0 pounds per square foot was maintained. Thrust
coefficient, Cn g, and tunnel free-stream dynamic pressure,
q,, were varieg to obtain different values of/A.

Values of parameters pertinent to the understanding of
each plot of C or Cx g, such as CT ss Vos R, etc., are
given on or in ége title of each figure. Reynolds number, R,
1s based upon the slipstream velocity, Vj, and the average
wing chord.

Ls n ions A, B nd C (R n 12

By use of the data of Reference 12, the effects of
variations in wing chord to propeller diameter ratio, c/D,
on the accuracy of the analysis can be determined. Confi-
gurations A, B, and C have c¢/D values of 0.33, 0.50, and 0.75
respectively as shown in Figure 4. Data is presented for
thrust coefficients, CT g, of 0.57, 0.58, 0.88, and 0.98.
At high thrust (Ct s = .98), correlation is shown for the
three c/D values in Figures 8, 9, and 10. At this thrust
coefficient good agreement is obtained over the full range
of angle of attack from O to 90 degrees. At a
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CONFIGURATION A

Aspect Ratio

Area (Half Span)

),

Half Span
Chord

\/

N

Propeller Dia

g o n

7.50

1.667 ft2
2.50 ft.
0.667 ft.
2.0 ft.

Airfoil Section, 0015

CONFIGURATION B

Aspect Ratio
Area (Half Span)

F\

Half Span

Chord
Propeller Dia

-

Ny oo

5.00

2.500 ft?
2.50 ft.
1.00 ft.
2.0 ft.

Airfoil Section, Q015

NFI ION

Aspect Ratio

|
|

\?

Area (Half Span)
. Half Span
Chord

Propeller Dia

-
FIGURE 4:

3.333

3.750 ft2
2.50 ft.
1.500 ft.
2.0 ft.

Airfoil Section, 0015

MODEL CONFIGURATIONS A, B, AND C
GENERAL ARRANGEMENT DRAWING
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CONFIGURATION D

Aspect Katio 05 5 ) Averace Chord ool
Area (Halt Span) i Propeller hia T
Halt Hpan B4 mtg,

Airfoil Section 0015

—_—

FIGURE 5: MODEL CCNFIGURATION D
GENERAL ARRANGEMENT DRAWING
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FIGURE 6:

;'__).;_

/

CONFIGURATION

Aspect Ratio

Area (Half Span)

Half Span
Chord
Propeller Dia

il

li

7.66
5.48 ft?

- 4.58 ft.

n i

1.20 ft.
2.00 ft.

Airfoil Section, 4415

MODEL CONFIGURATION E
GENERAL ARRANGEMENT DRAWING
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CONFIGURATION F

Aspect Ratio
Area (Half Span)
Half Span

4.55 2 Average Chord = 1.514 f¢t.
5.12 ft* Propeller Dia - 2.0 f¢t,
3.416 f¢t. Airfoil Section, 0015

|

|
¢|ii::>

|
I~

- JU/
el ‘E} =
o

FIGURE 7: MODEL CONFIGURATION F
GENERAL ARRANGEMENT DRAWING

(|
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c/D - 0.33 V, - 11.2ft/sec

VO
y 00y - 0.1
N 2 R, = 0.35 x 10

O TEST DATA REFERENCE 12

2.0
1.6
1.2
~ Theory
0.8
0.4
0
0 20 40 60 80 100

Angle of Attack,o(y, Degrees

FIGURE 8: CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT
COEFFICIENTS, CONFIGURATION A, Cr g = 0.98 AND
&¢ = 0 DEGREES
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c/D= 0.50 Vg, = 11.2ft/sec

'
-0° -2 =0.
iy =0 Vj 0.137
N =2 R, = 0.53 x 106
© TEST DATA REFERENCE 12

1.4
Theory
1.2 ﬁ—-- ; 9 0O 4
008 Q
0.4
0
0 20 40 60 80 100

Angle of Attack, Xy, Degrees

FIGURE 9: CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT
COEFFICIENTS, CONFIGURATION B, Cp g = 0.98 AND
®¢ = 0 DEGREES :
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c/D =0.75 V, = 11.2ft/sec
v
-
1y 0 v, 0.137
N =2 R, = 0.79 x 108

O TEST DATA REFERENCE 12

1.0
pm—
®
0
008 4 j)
- ®
LS 9.6 /
— Theory
0.4
0.2
0
0 20 40 60 80 100

Angle of At:t:ack,O(w, Degrees

FIGURE 10: CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT
COEFFICIENTS CONFIGURATION C, Cr g = 0.98 AND
8¢ = 0 DEGREES ’

42




lower value of thrust' (CT,s = .58 or .57), as shown in Figures
11, 12,and 13, correlation is considered acceptable up to an
angle of attack of approximately 20 degrees. The limited range
of good correlation at the lower thrust coefficient can be
attributed to the complete stalling of the wing outside of the
slipstream combined with the onset of stall in the slipstream.
The onset of stall being a consequence of the high effective
angle of attack, &g , in the slipstream at low Cr g. For
example, using Equation (3.9) at Of = 30 degrees and Cr,s =
.58,the effective angle of attack in the slipstream, O/ , 1s
calculated to be 19 degrees. This compares with O¢ = 4 degrees
at Oy= 30 degrees and Ct s = .98. The prediction of the onset
of stall in the slipstream is discussed in detail in Section V B.
Correlation for an intermediate value of thrust coefficient,

CT,S = ,88 1s shown in Figure 14.

The above correlation indicates that the present theory
gives good agreement with test data provided no stalling of the
wing exists.

Longitudinal force correlation with Configuration B (for
¢/D = .5) is shown in Figures 15 and 16. It is noted that
agreement 1s obtained over a larger angle of attack range than
was obtained for C|, g at equivalent c/D ratios and thrust
coefficients. This’ is due to the fact that the profile drag
rise following stall is compensated for in the expression for
longitudinal force (Equation(3.25)).

2. Configuration D (Referen 1

The accuracy of the analysis may be further substantiated
by correlating with data for the tapered wing configuration shown
in Figure 5. This model has one propeller per semispan, a taper
ratio of 0.71 and a c¢/D ratio of 0.76. Correlation is shown in
Figures 17 and 18,and is comparable to that obtained with the
straight wing configurations. The estimated values of Cj L,s for
the tapered wing are slightly lower than the test data in the
lower Oy range. Due to the limited data available it is not
known if this is caused by wing taper or other effects.

3. Configuration E (Reference 17)

To determine the effects of propeller interaction, flap
deflection, and airfoil camber on the accuracy of the analysis,
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FICURE 11: CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT
COEFFICIENTS, CONFIGURATION A, Cp g = 0.58 AND
8¢ = 0 DEGREES
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FIGURE 13: CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT
COEFFICIENTS, CONFIGURATION C, Cp g = 0.57 AND
&¢ = 0 DEGREES
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FIGURE 14: CORRELATION OF PREDICTED AND EXPERIMENTAL
LIFT COEFFICIENTS, CONFIGURATION B, Cp g
= 0,88,AND Sf = 0 DEGREES 2
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FIGURE 16: CORRELATION OF PREDICTED AND EXPERIMENTAL
LONGITUDINAL FORCE COEFFICIENTS, CONFIGURATION
B, Cr,g = 0.58 AND &, = O DEGREES
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FIGURE 17:

CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT
COEFFICIENTS, CONFIGURATION D, CT,S = 0.91 AND
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FIGURE 18: CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT
COEFFICIENTS, CONFIGURATION D, CT g - 0.71 AND
$¢ = 0 DEGREES
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correlation with data from Reference 17 was utilized. As shown

in Figure ¢ Configuration E has two propellers per semispan,and

is equipped with a fowler type trailing-edge flap. The extension
of this flap results in a 40% increase in wing area. Correlation
with the flap retracted is shown in Figure 19; and with the flap
extended (at &g= 50 degrees) is shown in Figure 20. Agreement

is good with and without flap up to stall. For this configuration
calculated CL,s is slightly lower than experiment in the angle

of attack range up to stall. The effects of interaction between
the slipstreams appear to be small for this configuration.

4. Configuration F (Reference 16)

The effects of propeller overlap and the deflection of

a plain trailing-edge flap on predicted performance was deter-
mined by correlation with the data of Configuration F from
Reference 16. The pronounced propeller overlap of this
configuration is evident in Figure 7. Lift coefficient
correlation for flap deflections of O degrees, 10 degrees, and
50 degrees is shown in Figures 21 through 25. In general,
agreement is good for various propeller thrust coefficients and
flap deflections. However, referring to Figure 25, it is seen
that the predicted values greatly exceed the test data for é¢

= 50 degrees. For this case the lower experimental values of
CL,s are due to stalled flow over the flap. This conclusion
is substantiated in Figure 26 which is a plot of §g-VS- CL S
for configuration F showing flap stall at &f = 35 degrees.
Also referring to Figures 21 and 22, it is seen that the test
points do not pass through zero as would be expected for a model
of symmetrical airfoil section. The authors of Reference 16
indicate that this is ccused by an induced upflow between the
nacelles due to slipstream swirl. This fact is not considered
in the present analysis hence it contributes to the underesti-
mation of C;, g in Figures 21 through 24.

Longitudinal force coefficient correlation for this con-
figuration is shown in Figures 27 through 29 for Cp T,S = 0.91
and in Figures 30 and 31 for CT,s = 0.71. In general, the
theory is in agreement with test data; however, referring to
Figures 27 and 28, it is seen that the predicted values of Cx g
exceed the experimental data. This implies that the drag
contribution to the longitudinal force coefficient was under-
estimated. Modifications to the present analysis to achieve
better correlation were investigated, however; it was found that
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\")

L, =0  To=0.316
v
N =4 R} = 0.63 x 106

O TEST DATA REFERENCE 17

1.6
1.2 - o) 7o)
©
0.8 :i,
CL,S Theory
0
0.4
0 -
-20 20 40 6(|)
| |
Angle of Attack, Of,;, Degrees
© | I
-0. |

FIGURE 19: CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT
COEFFICIENTS, CONFIGURATION E, Cp g = 0.90 AND
$¢ = 0 DEGREES ’
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FIGURE 21: CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT
COEFFICIENTS, CONFIGURATION F, Cp ¢  0.91 AND
$¢ - 0 DEGREES
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FIGURE 22: CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT
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FIGURE 25: CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT
COEFFICIENTS, CONFIGURATION F, Cp g = 0.91 AND
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FIGURE 26: CORRELATION OF PREDICTED AND EXPERIMENTAL LIFT
COEFFICIENTS AS A FUNCTION OF FLAP DEFLECTION
CONFIGURATION F, CT,s = 0.91 AND Oy = O DEGREES
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FIGURE 27: CORRELATION OF PREDICTED AND EXPERIMENTAL
LONGITUDINAL FORCE COEFFICIENTS, CONFIGURATION
F, Cr,g = 0.91 AND &, = O DEGREES
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the analysis as presei!~d in Section III gives the best overall
correlation with test data.

In summary, the correlation performed indicates that the
accuracy of the analysis is not greatly affected by variations in
M, Oy, c/D, §¢, wing planform,and propeller position; and that
agreement is good up to the point of stall for all cases.

B. STALL CONSIDERATIONS

During the analysis of the model configurations previously
discussed, it became evident that the degree of correlation
between the calculated and measur~d values of Cp g and Cx g is
affected by the stalling of the wing. Solving Equation (4.2)
for the angle of stall, OC g¢a17 >

(xstall - (Sin?fzﬁl‘:z) . (5.1)
Furthermore, from Equations (3.4) and (3.9),
0 |
®sra1y - iw * tan'l vOSino{Tz - Aot 5f .
J(Vocos 3 +/Z§TD_2 (5.2)
2 2| 4 el

It is seen from Equation (5.1), that an increase of i (i.e.,
a decrease of CT g) corresponds to a decrease of O{grg11. Further-
more, from Equatl’.on (5.2) for a given® 511, an increase of X y
must be compensated for by a decrease of the flap deflection, Sf o

By use of Equation (5.1), the value of X gtgl1 for the
configuration discussed in Figure 12 is 13.6 degrees and Oy - 24
degrees. Indeed, this value for X gt41] appears to be in agree-
ment with the test data presented in Figure 12. Similarly, for
the test conditions illustrated in Figure 11, OCgt 11 = 20 degrees,
and from Equation (5.2) there results that stall will not occur
within the slipstream for any value of OCy. Again, correlation
between test data and calculated values of CL,S support this
conclusion. A further examination of the calculated values for
CL g shows, however, that the limit of correlation between theory
and test data is not always predicted by Equations(5.1) and (5.2).
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Whereas these equations did not indicate any stall in the range of
values of Oy, shown in Figure 14 and Figures 17 through 25, the
leveling off of the test data appears to indica%e, however, the
existence of wing stall.

A more detailed investigation of stall is warranted before
an expression can be formulated for predicting the onset of stall
for a wide range of parameters.

C. CORRELATION OF CALCULATED STOL LANDING AND TAKE-OFF
PERFORMANCE WITH FLIGHT TEST DATA

The analysis presented in the Appendix was used to calculate
the take-off and landing performance of STOL aircraft. The results
are as follows:

1. Landing Distances Over a 30-Foot Obstacgl

Landing distances for several STOL aircraft obtaiued
from flight test data are shown in Figure 38. The data
is seen to fall within the limits of the predicted routine

landings and the maximum performance landings.

2. Take-0ff Distance

Propeller performance plays an important role in the
determination of take-off distances as discussed in
Reference 18. The accuracy of the calculations thus depends
upon the accuracy of the propeller performance data. For
the STOL aircraft shown in Figure 38, complete propeller
performance data was not available; thus it was necessary
to utilize other existing performance curves for similar
propellers. Take-off distances were calculated for the
Grumman Mohawk (a typical STOL aircraft) using propeller
data from Reference 15.

A ground roll of 547 feet was obtained for the Mohawk
using the procedure in the Appendix. The calculated data
showed that the aircraft remained in transition above an
altitude of 50 feet. The ground distance corresponding to
the 50-foot altitude during transition was calculated
accordingly, and found to be 220 feet. The total distance to
clear a 50-fcot obstacle is 547 feet plus 220 feet,or 767
feet. The flight test data indicated a corresponding
distance of 880 feet.
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3. Results

The calculated take-off and landing performance was found
to be in good agreement with the available test data. As
comprehensive aircraft and test data become available,
further calculations should be performed to determine the
degree of validity of the assumptions made. On the basis
of the comparison with the limited test data, it appears
that the landing and take-off performance of STOL aircraft
can be predicted with reasonable accuracy using the methods
presented herein.

D. RANGE OF CORRELATION FOR THEORY AND TEST DATA

The range of correlation between the theory presented herein
and 1ift and longitudinal force data is as follows:

RANGE OF RANGE OF
PARAMETERS APPLICABILITY CORRELATION
Number of Propellers Any 2 and 4
Disc Loading (psf) Any 0 to 8.0
Thrust Coefficient Any 0 to 1.0
Jet Velocity to free-stream O to 1.0 0 to 1.0
Velocity ratio "/;"
Propeller Axis Inclination Not Established 0
Relative to Wing (deg.)
Slipstream Overlap 0 to D/3 0 to D/3
Wing Aspect Ratio >1 3.33 to 7.5

Wing Angles of Attack(deg.) Below section stall -20°to stall
in slipstream

Flap Angles (deg.) Below section stall 0°to 35°
in slipstream

Flap Types Not Established Plain & Fowler

Wing Planform Rectangular and Taper ratio
moderate, deviation from 1.0 to
therefrom 0.715
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VI. V/STOL AIRCRAFT STABILITY AND CONTROL

A. INTRODUCTION

In this section a study is made of the effects of propeller
slipstream on the stability and control characteristics of
tilt-wing V/STOL aircraft. The feasibility of improving the
slow speed and transition handling qualities by proper use of
the slipstream is also investigated.

B. SCOPE OF INVESTIGATION

1. Discussion of V/STOL Stgbility Anglysis

The stability and control characteristics of tilt-wing
types of VIOL aircraft are discussed in References 21 and 22.
Reference 21 treats the tilt-wing configuration employing semi-
empirical expressions for the propeller slipstream contributions
to the wing lift and drag. The investigation discussed herein
utilizes the analysis of Reference 21, except for the slipstream
contributions for which the analytical expressions developed
in Section III are utilized.

2. Assumptions of the Anglysis

The major assumptions utilized in the development of
the VIOL dynamic stability analysis are as follows:

a. Small amplitude analysis is utilized, i.e., the
equations of motion are linearized.

b. The airframe is considered to be a rigid body.

c. There is no coupling between the leteral and
longitudinal modes of motion.

d. The wing tilt angle is fixed during the analysis.

3. Area of Present Investigation

The present investigation is concerned with the
hovering flight condition,which, as shown in Reference 21, repre-
sents the most severe stability problems for the tilt-wing air-
craft configuration.
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C. STABILITY ANALYSIS OF V/STOL AIRCRAFT AS AFFECTED BY THE
PROPELLER SLIPSTREAM

The determination of the slipstream effects on the
stability characteristics is accomplished by examining the
effects of slipstream terms on the stability derivatives and
the roots of the characteristic equation.

1. Equations of Motion

As given in Reference 21,the longitudinal equations
of motion in coefficient form for the hovering case reduce to

Cxy V # Cxg V " Cxg® + Cxg® =0 (6.1)

Cpy V - Cygd * Cyg = 0 (6.2)

The perturbation variables used are the free-stream velocity,

V, and the aircraft pitch attitude,® . The derivatives involving
slipstream terms are underlined. These derivatives are now
further investigated.

2. Evaluation of Stability Derivatives Involvirg Slip-
stream Terms

a. Total Derivatives

The derivative relating to the change in longitudinal
force with a change in forward velocity, Cy vy» is
given as follows:

SNV o OV (6.3)
3Cx.¢ , OCxw ., dCx.s ., dCx | 3¢,
oV oV d v dCq 3 v

- S ¢
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Neglecting small terms, this derivative can be simplified
to be

= aCx‘s } éCX.R
Y oV Y

The change in pitching moment coefficient with a change in
forward speed,CMv, is given by

(6.4)

Cx

- x, 8%, .z 3%,s _; 3% .x, 3%.w.

C
My a3 v 3V t T3 v P
; OCxw , 9CM.cF , 9CM,ac - xg 2CZ.R .
a v oV oV oV
dC dC C
Zp —Fuk M| o7 (6.5)
oV dCr Y
o,V o

Considering the major contributors to this derivative in
hovering,there results

¢, - -z. 9C€X.s .z, 3Cx,R

The change in longitudinal force with a change in pitch
rate is given as follows:

o= OC0xe , 9Cx.R 9Cx,s . 7
“Xg 36 56 28 (6.7)

The change in pitching moment with a change in pitch rate
is given as

 OCMm.cr , dCM,5 _ ¥Cz R
Mg Y A Y (6.8)
d Cx.R _ 3Cz ¢
Z = M Ol x —— .
R 736 Y

The slipstream terms affecting these stability derivatives
are presented in the next section.
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b. Slipstream Terms

The slipstream terms to be considered in the evaluation
of the stability derivatives are
?AC, o/?dV and 3ACD,s/dV. The shpstream 1‘ft and

longituc'iinal force coefficients are

_ T 2y, 9
AC = 1.87¢, -2 (1- f o 6.9
L,S s o (1- i) 2 a (6.9)
and
Cp s = Cpp + (AC; ¢)? NS
, DO L,S T &S, (6.10)

Differentiating Equation (6.9) with respect to V,

A8CL 5 dXg =y
sv K3V ro (1-puf)+ KXy
0%
Ko ry(-2 _,&)+_a oy
M 2 IV
aolq d9g
6.11
qs2 OV ( )
where K = L1.87 (6.12)

C

The partial derivatives appearing in Equation (6.11)
are as follows:

TG o) - (- § os24)

8 v dV [ 2 2T 3/2
(/g) sinZ(XT " cot2«T+Sin2«T'omﬁ
4

(6.13)
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d
’;T ay |V - 4T
D2 D2 2
oV 32r — - },
° |v2, 2z v2 2T 2
L f’ﬂaD CJSZO(T P—%Lz cos2(
(6.14)
and
¢
QM st;n 2(0('1'-¢) (- -EV) N
ov v2 + 2T
‘\'\'D2
4
2
cos (OL'L"#) 2 RTy 1 _ _4T |
v2 + _ 2T _|3/2 v ,01\'1)2 AYDZ
/0171)2 4 4
4 (6.15)
For the hovering case, (V = 0),
Q¢b = §ind1
oV o7 (6.16)
V-0 [y
&
org| _ b cos O
dV 4\ 2 2T (6.17)
s QW4D2
d -2 coszO(T
oV 2T o (6.18)
V-0 ,0_&2
&
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Differentiating, next, Equation (6.10) with respect to
V, there results

94CH g 2ACL,sS | 9ACL g
dV TR Sq 3V

(6.19

(1) Numerical Computation of Slipstream Terms

For the purpose of comparison and compatibility
with the data of Reference 21, the slipstream terms
were evaluated using the following data from that
reference:

Performance Dgta

Y 0 ft/sec. X1 87 degrees
Cpg 1.0 fLR = 702 ft./sec.
Cr 0.0195 T 1615 1b.
Wing Chargcterigtics

S = 114.7 ft.2 iy = O degrees
R = 5.25 dLO = -4 degrees
€ = 5.25 ft. a = 3.05/rad.
Propeller Chgracteristics

N = 2

D =9, ,5ft.

172123 -70.6 £t . 2

Using these values and the equations of Section III,
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2T

U = 0 ap2 = 139 ft./sec.
9) 4
Vj - U - 139 ft/sec.
1 2 ) 2
@ - L PV 229 b/t

4) ) tan-l (VsinO[T > 0

Vcos X1 ‘U

o = iy CP -0, 4 degrees  0.07 radians

ro= D ;L(__LZV os X - U) - 3.36 ft.
2\|2 Vc:osO(T U

= Veos (Xp-9) - o

¥y

_ Yo (1- 42 .
AcCp g 1.87 - (1 /L) 0.0924

_ | 2y NS
ACy g =Cpo + (BC ¢?) cqre  0.0213
S

3¢ . _sinX1 . (00717

oV 2T
D2
P
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o
n
I
o
0
o
72}
R
3

~ 0.00063
dV 4\['2_ U
P"TDZ
4
_63& _ _ 208%XT _ _ 0.000039
v 2T
P D2
4

kK = 87 - g 394

There follows that

048G5 | 0.0095
oV

OACp s 0.00027.
dV

(2) Effect of Slipstream on Stability Derivatives

Using the derivations presented in Reference 21,
the derivative CxV can be written as

Cy =-12 dViac, o+ O8CL,S 1 Ac, o 9Xs | sin( -$) +
Xy vy ov S T3V 0,5 Jy- | St i

dCx.Rr _[ 2 2V; dACD S dox

— AN | £ -AC vies -P).
SV |V av Alst Ty TS iR coserd)

(6.20)

76



Neglecting small terms, this derivative can be written
for the hovering flight condition as follows:

aicl\; S sin (0¢p-9) ¢ O CX,R (6.21)

C = e
Xy dV

Similarly, from Equation (6.6), the pitching moment
derivative with velocity can be written as

JAC : oC
CMy - 2 T3S sin (op-®) - Z S KR . (6.22)

The derivatives Cx~9 and CMé are given as:

dCx,t , OCX,R

- - oCL,s O
Cxy >5 Y Zg ST eos (o -0y 4>P)
(6.23)
c . OCM.CF _ X, 3Cz ¢ Zg OCx,R _ Za2 94CL s
Mg 6 06 26 c v
(6.24)

It should be noted that the stability derivatives Cy v
CMy » Cxg » and Cyp are affected by the slipstream

dezyivative, bACL,S/ 2V,

Effect of the Slipstream on the Hovering Stability
Characteristics

The characteristic equation in hovering is as follows:

BN + CAZ + DA+ E =0 (6.25)
where, using the numerical values obtained above,
B = Cx Cwmg (6.26)

= 0.,0091
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C Cx, Mg ' Cx y Cms (6.27)

Vv
aACLS
0.212 ——ﬁ—‘— ¢+ 0.00407
2 Ci ¢
-1.615 (-b—ﬂé) ; 0.0623(M>‘ 0.00004
oV dV
E - -8 C 6.29
My “Xg ( )
3ACL 5)
o b/ ( - 0,0059
281 SV

The solution of the characteristic equation tor the
hovering flight condition yields the roots as shown in
Figure 32. One root is aperiodic and convergent, while
the other pair of roots represents an unstable oscillation.

As was previously shown, the slipstream term 94C; S/b Y
affects the stability derlvatlves Cxy » Cmy » CXp and CMG
In order to determine the effect of Lne slipstream, the
magnitude of bACL /dV was varied between zero and 200
percent of its original value of 0.0095, and the resulting
roots of the characteristic equation were calculated and are
also shown in Figure 32. It can be seen from Figure 32 that
a decrease of 3AC[ g/ ® V increases the period of the unstable
oscillation whi.e at the same time reducing its instability.
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BAX « CX DA+ E = 0
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1
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|
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8]
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0.4
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a

FIGURE 32: EFFECT OF SLIPSTREAM ON THE ROOTS OF THE
CHARACTERISTIC EQUATION FOR HOVERING FLIGHT
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D. STABILITY AUGMENTATION QOF V/STOL AIRCRAFT UTILIZING THE
SLIPSTREAM VELOCITY

The high disc loadings, compared to those of helicopters,
of tilt-wing VIOL aircraft points toward the use of slipstream
alr flow for improving the stability characteristics of these
aircraft. An investigation was performed, therefore, to gain
an insight into the effectiveness of the slipstream air flow
for this purpose. It was assumed that the stability augmenta-
tion is provided by means of a movable flap at the trailing
edge of the wing immersed in the slipstream wake. This flap
is deflected by changes in the aircraft attitude. The flap
deflection angle, &¢, is then given by

8¢ = kO . (6.30)

Substituting Equation (6.30) into Equation (3.9) the effective

angle of attack in the slipstream, of , is written as

g = iy + P -0yt kO, (6.31)

In hovering, the slipstream lift derivative with respect
to attitude becomes

dAC g d o
-~ = Kr Y
56 °_—§be (6.32)
where
0xs .
00 $
There follows that
OACL g
= Krg k . (6.33)
20 °s
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Also, the pitching moment derivative with respect to attitude

is
3 Cy Zag PACL g
26 @ 26

Substituting Equation (6.34) into Equation (6.33),

dCM %4
Te— = K ro ks
Also,
dCx _ 28CL,s (-sm (aT-cb))

36 90

Evaluating Equations (6.35) and (6.36),

dCM
and
3Cx 5 _
56 -1.32 k‘

(6.34)

(6.35)

(6.36)

(6.37)

(6.38)

The coefficients of the characteristic equation in hovering
are thus changed by the addition of the derivative ®Cmy/d6 , and

also by a change in the derivative Cy_ , due to Equations (6.37)
and (6.38). These coefficients are as follows:
B = C Y
Xy Mg
= 0.0091
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0.00608

0.000486 - 0.019Kkg

E = - Gy, (Cyy - L:32%k) + 0.40Lk; Cx,

0.0266 + 0.0187k; (6.39)

The underlined terms represent the contributions due to
flap deflection.

The roots of the characteristic equation were calculated
for various values of k¢ , and the results are shown in
Figure 33. It is seen érom this figure that a decrease of
k¢ results in an improvement of the oscillatory mode while
at the same time decreasing the stability of the aperiodic
mode. It is also shown that for the example configuration
analyzed here, a value of kg = -1.0 results in dynamic
stability of both modes of motion. It is seen, therefore,
that proper use of the propeller slipstream could improve
the dynamic stability of a tilt-wing aircraft.
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VII. CONCLUSIONS AND RECOMMENDATIONS

An analysis is presented of the lift and longitudinal
force acting on various propeller-wing combinations. The
analysis includes a theoretical treatment of the important
effects of propeller slipstream-wing interaction. Correla-
tion of the theory with test data of both two- and four-
propeller-wing combinations shows good agreement. Applica-
tion of the theory to predict the take-off and landing
performance of typical STOL aircraft is also presented.

Preliminary stability and control analysis indicates
that the slipstream can be utilized for improving the
dynamic stability of a tilt-wing aircraft in hovering flight.

Based on the findings of this report it is suggested
that this work be extended to include:

1. A more detailed investigation of the onset of
stall in the slipstream.

2. The application of such a stall investigation to
the determination of a propeller-wing combination
which would be free from the adverse effects of wing
stall throughout transition.

3. The extension of the stability and control analysis,
glving detailed consideration to: propeller normal

force and moments, tail moments, wing center of pressure
location as effected by the slipstream, the deflection
of flaps in the slipstream, and the effects of ground
proximity. .

4. The quantitative determination of slipstream
effects on VIOL stability and control.
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APPENDIX

STOL TAKE-OFF AND LANDING PERFORMANCE ANALYSIS

This performance analysis consists of developing methods
to predict STOL take-off and landing distances and velocities.
The landing analysis will be discussed first.

A. LANDING ANALYSIS

As indicated in Reference l4, the landing maneuver analysis
is assumed to be made up of three stages: the approach, trans-
ition, and the ground run as shown in Figure 34,

1. Approach Distance

The approach distance from a 50-foot obstacle is given
by

P

Thus, the approach distance is determined by the approach
angle, 6,. The approach angle is given in terms of the
approach velocity, V , and the rate of descent, V,, as
follows:

\Y
in = 4 i i
s Bp oV (for Vy, in ft./min.) (A2)

Rates of descent of 500 to 700 feet/minute would
appear reasonable based on flight experience with heli-
copters and V/STOL aircraft. Using the small angle
assumption that sin@p  tan 6, (although this assump-
tion is not valid at very low speeds, the discrepancy
will be shown to be small),the approach distance can be
written as

- vV for V in ft./sec.
1, = 00 =—
g — =090 Vy (and Vv, in ft./min.> (43)
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or

v .
k for Vk in knots )
1, - 5070 . <and Vy in ft./min, GG

This relation from Reference 14 is shown as a function
of the approach speed for several rates of descent in
Figure 35. The small-angle discrepancy is small as shown
by the dashed line on Figure 35.

2. Tragnsition Distance

The transition distance, obtained by assuming that the
flight path occurs along a circular arc, is given by

v2 tan (_%2)

s (45)

Using the small-angle assumption together with
Equation (A2), the transition 44552 _~ (.n be wr.tten as

1. = Vidy (V, in ft./min.) (A6)
t 120 g &n v in ft./min, Ab

If a rate of descent of 500 feet/minute is assumed
for routine landings, then Equation (A6) can be written as

1t = _4.16 V (for V in ft./secd (A7)
gAn
or

7 V.
- 'k
¢ 2 Bn (Vk in knots) . (A8)

—
It

The transition distances are plotted in Figure 36 for
typical values of normal acceleration. The effect of the
small-angle assumption is seen to be very small,
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3. Cround Run

The forces acting on the aircraft during the landing
run are given by

D‘*CF(W—L) %ac

D drag force (A9)

Ce(W- L) braking force

At touchdown, the braking force available for
deceleration can be increased by a decrease of litt. This
condition can be achieved through piloting technique. The
drag force can be considered small compared to the braking
force. The landing distance is then given for a constant
deceleration in terms of the coefficient ot friction as

2
1 Ve ALO
g 7¢ ¢ (A10)
or
2
lg - 2.86 Y (for Vi in knots) - (All)
2Crg

Decelerations from 0.8g to 1.0g (represented by Cp 0.8

and 1.0) are possible during landing on dry concrete;

these are, however, beyond the range of routine operations.
The braking force (and the deceleration) could be in-
creased by increasing the normal force on the wheels. This
could be accomplished possibly by producing negative lift
through the use of flaps deflected upward. Thus, this
should be considered as a means to reduce landing distances
for future STOL aircraft; however, at present,a deceleration
of 0.3g represents a realistic value for normal landings.

The ground run for various friction coefficients is
showri in Figure 37.
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4. Total Landing Distance

The total landing distance is obtained from the
summation of the approach, the transition, and the ground
run. This distance can be obtained for a range of air-
craft operations from routine landings to maximum
performance landings using the following assumptions:

a. for routine landings

Vy = 500 ft./min.
an - 0.lg (during transition)
CF - 0.3 (landing deceleration 0.3g)

b. for maximum performance landings

Y. = 1000 ft./min.
ransition
L 0.8 (landing deceleration - 0.8g)
The total landing distances corresponding to these
values are shown in Figure 38.

In order to determine the total landing distance, it
is necessary to know the approach speed of the aircraft.
Standard practice has been to relate this approach speed
to the aircraft stall speed as follows:

v =V = KV where K>1.0 (A12)

approach stall

The approach speed is assumed to be 10 percent greater
than the stall speed to allow a margin of safety for
control during landing. Equation (Al2) can thus be
written as follows:

W
2 (%)
1.1 (S

v
approach /0 CLmax

(Al3)

The maximum lift coefficient can be determined through
standard methods such as those given in Reference 15.
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B. TAKE-OFF ANALYSIS

The take-off maneuver can be considered to be made up of
the ground run, the transition, and the climb.

1. Ground Run

The ground run of an aircraft consists of
the take-off distance from start to the point at wnicnh
the wheels leave the ground. The take-off distance is

given by

V = Vo

v-=-20

The acceleration aj} is obtained by a solution of the
equations of the forces acting on the aircraft (parallel
and perpendicular to the ground) to obtain

a - ‘E,‘[Fx _/uL(w - L)] ; (A15)

With this expression, Equation (Al4) can be integrated

numerically:
V = VTO
W vV
. E W :] Av. (A16)

The calculation of take-off distance from equation
(Al6) is performed as follows:

a. The minimum flying speed, Vpipn, is calculated from
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. |2 W
Vmin \/P CLmax S (A17)

The determination of the lift coefficient Cy_ .. 1s presented
in Section IV,

b. Increments of velocity, AV, are selected starting

c. At each station V + n AV (n - positive integer

0, 1, 2), the longitudinal force, Fx,is calculated from
Equation (3.25), and the lift is obteined by multiplying
the total lift coefficient, C| g, from Equation (3.17)

by qu.

d. The value of the expression given in Equation (Al6)
is calculated at each station selected in c. above.

e. The value of step d. above is numerically integrated
from V =0 to V = Vpg to obtain the take-off distance.

2. Tran ion

The transition distance, which accounts for the distance
required from take-off to achieve a steady- state climb,is
assumed to occur along a circular arc, similar to that of
the landing transition distance. Thus,

_ w2 (e
lTT g Oon tan 2) (A_18)

where An = increment of normal acceleration, g's, and @ .
is the climb angle given by

Oc ~ gin~1 (!Vc) (A19)



where Vc = rate of climb .

It is necessary to obtain the climb angle in order to
calculate the transition distance. This angle is obtained
as discussed in the next section. The normal acceleration
during transition is dependent upon the lift coefficient
at take-off as well as the take-off velocity. If the take-
off velocity is assumed to be 20 percent greater than the
stall speed and the lift coefficient is 0.9 Cp,. ., then
the maximum normal acceleration is 0.23g. The transition
maneuver and the climb are assumed to be performed at the
take-off velocity.

3. lim

For the case of climbing flight with V/STOL aircraft,
the climb angles involved could be large compared to con-
ventional aircraft climb angles. Therefore, this fact
must be taken into account in the analysis of the climb
maneuver. The forces parallel and perpendicular to the
flight path of an aircraft in steady climbing flight are

T-D-Wsin®, =0 (A20)

and
L ~-W cos 6. = I (A21)

The climb angle, 8., is given as

6, = sin-l (E) (A22)
\'
where V. is the rate of climb.

Substituting (A22) into (A20),

V- (DV + WV, =0. (A23)

The first term represents power available and the
second term is the horsepower required. Solving for V.
from Equation (A23),
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Vo = _IV - DV (A24)
W

The total drag can be written as

D=Dy +D |, (A25)
or in coefficient form,
D = (CD° + Cpg) q S (A26)

where Cp, 1s the equivalent profile drag coefficient of
the ent?re aircraft and Cpy 1s the induced drag coeffi-
cient of the wing. For the case where the lift contri-
bution and induced drag of the wing outside of the
slipstream are negligible, the induced drag coefficient
can be expressed as

- Cp2
CDi TARe

Equation (A26) becomes

D =Cpyqs+CL2gs
MTRe (A27)

The 1lift coefficient C; pertains to climbing flight,and
must be compatible with Equation (A21),

¢ = L =-WeosO; (A28)
qS qS
Substituting Equation (A28) into (A27), there results
D = Cp, qS + Wlcos?2 Q. (A29)
fTRe q S
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Subsuituting Equation (A29) into (A24) and solving
for V./V while noting that

_ vi-y.2 V.)2
R R

Ve (A30)

2
€ =gsin® = A (A - B
. ¢ 5 \/2)

where A= _IIA%—§—9§ , and

- A
B = V—J[IVY -CDOqS]-l

The rate of climb and climb angle can be determined
from Equation (A30) for the given flight velocity,V,and
the aircraft characteristics (C o and power available can
be obtained from standard methogs as given in References
15 and 23.) The distance required to climb to a 50-foot
altitude can be obtained as

soum) cos o< (30 _ 50-2L sin2 8
cos B, tan @ g o

tan Gc

\Y

e * 7,

The total distance over a 50-foot obstacle can be
obtained by summing the distances for ground run, transi-
tion,and climb, with the exception of the case of some
STOL aircraft which could reach a 50-foot altitude during
transition. In this case, the total distance over a 50-
foot obstacle consists of a ground run (obtained previously)
and a transition which is now determined as follows:

The vertical height achieved during transition is

h = 2!% sin2 (QSJ
2

ang (A32)
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If this height 1is greater than 50 feet, then the following
is to be used:

For a height of 50 feet, the corresponding angle 6. ,
from Equation (A31), is

2

%
=2 sin-1 (M) = 2 sin”! % Ang (A33)
YA

The transition distance would be given by,

2
= —v-___ -1

The total distance over a 50-foot obstacle is

S = 1 (A35)

+ .
T g t 115

GROUND EFFECT

Test data (References 24 through 32) on the performance of

conventional wings and V/STOL propeller wing combinations in
ground proximity indicates that a marked change in aerodynamic
characteristics occurs in ground effect. The primary effects
are a reduction in wing induced drag and large variations in
pitching moment accompanied by secondary changes in 1lift
coefficient,
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As a result of ground effect on aircraft characteristics,
"out of ground effect" analysis is at times inadequate for
the accurate estimation of V/STOL take-off and landing per-
formance. Hence, a V/STOL analysis considering ground
effect is desirable. As part of this program, it was under-
taken to adapt existing ground effect analyses (examples of
which are presented in References 34 through 38) to the V/STOL
performance analysis-of this report. The first approach
was based upon a ground effect analysis for propeller slip-
streams developed by Heyson (References 35 and 36), and
modified to account for a wing with a flap immersed in the
slipstream by Neal (Reference 33). This analysis uses
out-of-ground-effect slipstream characteristics to estimate
interference velocities at the propeller disc caused by the
presence of a ground plane in the propeller wake. It is
shown in Reference 38, that this method gives good 1ift, drag,
and downwash angle correlation in ground effect. This type
of analysis, however, requires the use of digital computer
facilities. Also, in its present form the analysis can be
applied only to the case where the entire wing is immersed
in the slipstream.

Another approach to ground effect analysis is developed
by Reid in Reference 34 for conventional monoplanes or
multiplanes. This is a relatively straightforward method
which is suited to the case where part of the wing is out of
the slipstream. An investigation was conducted during
Phase II of this program (Reference 41) to adapt this
method to the propeller slipstream analysis presented herein.
It was found, however, that this method did not give
consistently accurate estimates of ground effect.

In view of the complexity of the first method described
and the inadequacy of the second method, additional effort
is required to develop an analysis suited to preliminary
performance calculations.
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